Abstract-The penetration of residential photovoltaic (PV) panels is increasing particularly in those countries with special incentives. The total PV installed capacity in the UK has increased from negligible to 1.2 GW since the Feed-In Tariff 
I. INTRODUCTION
HE adoption of distributed energy resources, such as photovoltaic (PV) panels, electric vehicles (EVs), electric heat pumps (EHPs) and micro combined heat and power (µCHP), is being encouraged by many governments around the world. In particular, PV generation has received government incentives that have allowed a rapid growth. For example, the UK Government's Feed-In Tariff scheme created in 2010 has led to a total PV installed capacity exceeding 1.2 GW [1] , equivalent to 1.6% of the total installed generation capacity in Great Britain. More than 75% of this PV installed capacity comes from domestic installations, i.e., small-scale ( 4 kW) PV systems connected to the low voltage (LV) distribution networks.
Some Distribution Network Operators (DNOs) in the UK are already experiencing voltage rise issues in LV feeders This work has partly been funded by Electricity North West Limited, UK, through the Ofgem's Low Carbon Networks Fund Tier 1 Project "LV Network Solutions", 2011 Solutions", -2014 A. Navarro and L.F. particularly were clusters have appeared. It is in this scenario that DNOs now require tools and techniques to assess the impacts of small-scale PV generation on their LV networks. Some of the plausible impacts include: voltage rise, thermal overloads, higher levels of imbalance, higher levels of harmonics, etc. [2] [3] .
Several studies have been carried out in the last few years to assess the impacts of residential PV panels on distribution networks. In [4] , the impacts of different DG technologies (including PV) on energy losses are analyzed. This study uses hourly resolution data and a synthetic network to carry out the assessment. The hourly approach is also adopted in [5] , where it is claimed that a time step of one hour is good enough to estimate network voltages (based on previous work from the same authors [6] ). On the other hand, in [7] the authors use one-minute resolution models to assess the impacts of µCHP and PV for penetrations of 30% and 50% based on the number of houses. The same approach but with a deeper PV analysis was presented in [8] . The stochastic condition of the loads and the meteorological dependence of PV generation were both addressed in [7] and [8] . However, the location and size of PV installations are considered deterministically. In [9] , it was proposed the use of Monte Carlo analysis to address the stochastic nature of the interaction between loads, networks and generation. However, the study was limited to a threephase power flow algorithm able to facilitate the corresponding Monte Carlo analysis. No stochastic approach per se was developed.
Here, to adequately assess the impacts of PV on LV networks, it is proposed the implementation of a Monte Carlobased technique to cater for uncertainty. This technique is applied to three-phase models of two real LV networks in the North West of England considering 5-min resolution synthetic data for domestic load and PV generation. Voltage and thermal impacts are assessed for penetration levels (based on number of houses) ranging from 0 to 100%. Moreover, the effect of data granularity on the computation of voltages outside statutory limits is also addressed.
This work is structured as follows: section II shows the main characteristics of the studied real LV networks. Section III explains the methodology and each step of the analysis. The main results are presented in section IV. Section V presents the sensitivity analysis corresponding to the effects of data granularity on the assessment of PV impacts. Finally, conclusions are drawn in section VI. Historically, DNOs have mainly worked with synthetic (or generic) LV networks in order to assess the corresponding requirements of the planning stage. Given that operational aspects are typically not considered for LV networks, it is still uncommon for DNOs to have accurate data and software packages that can be used for power flow analyses. In this work, two three-phase four-wire LV networks ( Fig. 1 and Fig.  2) were modeled based on GIS data, considering the original network topology, conductor characteristics, customer locations/types and phase connectivity (when available). These LV networks are located in the North West of England, and are owned and operated by Electricity North West Limited (ENWL). Their nominal voltage is 400 V (line-to-line).
In Fig Table 1 .
III. METHODOLOGY
In general terms, the methodology consists of random allocations of load profiles for each of the costumer nodes. Then, PV generation sites (customer nodes) and sizes (0.5 to 4 kW) are randomly selected (according to a given penetration). Finally, different PV profiles are allocated to generation sites. Once each feeder is populated with load and PV generation profiles, it is possible to run a power flow to assess the corresponding impacts. This generic process is repeated a hundred times for different penetration levels in order to perform a Monte Carlo analysis. This procedure is explained in detail in the following subsections.
A. Domestic Load Profiles
In order to assess the performance of LV feeders with PV it is crucial to capture the correlation (or lack of it) between demand and generation. Consequently, the time-series behavior of loads and PV generation has to be modeled.
Daily domestic load profiles used in this work have a resolution of five minutes, and have been produced based on a high resolution model for UK households (type 'domestic unrestricted') presented in [10] . The corresponding tool [11] takes into account the number of occupants, type of day (weekday or weekend), month, and appliances.
A pool of 2,000 different load profiles was adopted considering, for simplicity, only one day (weekday in September/summer). In addition, the proportion of profiles with certain number of people is based on UK statistics [12] . In this case, the proportion of houses with one person, two people, three people and four or more is 29%, 35%, 16% and 20%, respectively. The same pool of profiles also includes the corresponding irradiance. The same tool in [11] is capable of producing small-scale PV generation profiles (based on the corresponding sun irradiance) for locations in the UK [13] , also considering cloud transients (Fig. 3) . This is consistent with the load profile model in the sense that PV generation and electricity consumption are linked by the corresponding sun irradiance, i.e., less irradiance means less PV production and probably higher lighting usage.
The size of the PV panels to use the sun irradiance profile in each house was randomly allocated based on UK statistics for residential PV generation [1] (summarized in Fig. 4) . Thus, for instance, the probability to install a PV panel of 4 kW is 0.37 and the probability to install a 3 kW panel is 0.14.
B. Monte Carlo Implementation
With the pools of load and generation profiles it is possible to populate each feeder and run power flow simulations for different penetration levels based on number of customers/houses with PV (0 to 100% in steps of 10%).
Given a feeder with N customers and a penetration level of P%, the general algorithm consists of the following stages:
1. Random selection of N profiles from the load profile pool. The selection is uniform because the population already follows the distribution previously stated. 2. The selected load profiles are allocated to the customers in the feeder. 3. P% of the N costumers is randomly selected to have a PV panel. Each selected costumer takes exactly the same irradiance data used to create its load profile. 4. The size of each PV panel for the costumers with PV is randomly chosen using the distribution in Fig. 4 . 5. With the irradiance and the size of the corresponding PV installation, the power output is calculated using [13] . This injection is modeled as PQ (negative consumption) with a power factor equal to unity. 6. Unbalance three-phase power flow analysis. 7. With the power flow results, the impact assessment is developed. The metrics associated with this stage are explained in the next subsection. From the above procedure, it is clear that the electrical behavior of an LV network depends on a number of stochastic variables. As a result, voltages and currents will be different according to the number of people in each house, the location and size of the PV panels, etc. To capture this stochastic nature a Monte Carlo analysis is considered in this work. This process consists of running hundreds of times the algorithm presented above (stages 1 to 7) for each penetration level and for each feeder. The corresponding impacts are then stored for every single simulation (one penetration level, one case, 5 min) to present a probabilistic impact assessment.
C. Impact Assessment
An impact assessment is made for each simulation of the Monte Carlo analysis. The impacts considered in this paper are voltage rise and thermal capacity of the feeder (first line segment) and measured using the following metrics:
• Percentage of customers with voltage problems; and,
• Utilization factor of the main feeder. The first metric takes the voltage calculated at the singlephase connection point of each customer from the power flow simulation, and checks whether the European Standard EN50160 [14] is satisfied. If not, the corresponding customer is considered to have a problem. All these cases are added up and the percentage of customers with problems is calculated.
According to the EN50160 standard, during normal conditions, voltages must be between 0.9 p.u. and 1.1 p.u. for at least 95% of data measured in a week (10 min average rms values), and never outside 0.85 p.u. and 1.1 p.u. It considers a nominal line-to-neutral voltage of 230 V.
The second metric assesses the utilization level of the main segment of the feeder. This is calculated as the hourly maximum current through the main segment of the feeder divided by its corresponding ampacity. The current is calculated by averaging the results from the 5-min power flow simulations within each hour. This index aims to show how asset utilization behaves with different PV penetration levels.
IV. CASE STUDY
The proposed methodology has been applied to the two LV networks presented in Section II. The algorithm runs feeder by feeder assuming a fixed line-to-neutral voltage of 240 V at the secondary of the transformer. The time-series three-phase four-wire power flow is solved by using OpenDSS [15] .
The procedure runs one hundred times for each penetration level for every feeder. To show in detail the results of the impact assessment, feeder number 4 of LV Network 1 has been selected. Fig. 5 indicates the percentage of customers with voltage problems for each penetration level. Due to the Monte Carlo analysis, it is possible to present the average value and its deviation. For this feeder, voltage problems (according to EN50160) start at 30% of penetration but affecting only less than 1% of the customers (i.e., less than 7). Considering the same feeder, a more complete visualization of the Monte Carlo analysis is presented in Fig. 6 . This figure indicates for each penetration level, the percentage of customers with voltage problems and the corresponding frequency in the simulations. For instance, it can be seen that for a 40% PV penetration, 11% of loads have problems in 10% of the simulations. In other words, there is a 10% probability to have more than one tenth of customers with voltage problems with a 40% PV penetration. The second metric for this feeder is shown in Fig. 7 . It gives a good idea about how the feeder is used for the different penetration levels. The U characteristic of the curve is notorious. The average utilization of the main line segment is about 80% without PV and decreases with more PV installations. This means that most of the local generation is supplying the household demand. This trend ends with a PV penetration of 50%. After that point, the utilization level starts to increase with more PV installations. At 60% of PV penetration the utilization level reaches the same value as without generation; this means that the same maximum current that was imported from the grid without PV panels is now exported from the feeder. The maximum capacity is surpassed with 90% penetration of PV. Table 2 presents the results for all the feeders of the two LV networks studied. The column Voltage Problems indicates the PV penetration level in which customers start having voltage issues. The column Utilization Level indicates the PV penetration level that results in utilization bigger than 70%. This value was adopted to show potential limitations in headroom capacity for operational tasks.
While the nine feeders studied represent a very small sample of the feeders operated by the DNO, from Table 2 it is possible to observe that longer feeders (more than 1 km) and those more loaded are more likely to present voltage issues at It is also important to observe that until 20% of PV penetration there are no customers with voltage problems in all of the feeders studied.
V. SENSITIVITY OF DATA GRANULARITY
To analyze the effect of different data granularity in the assessment of impacts, the complete process presented previously was executed again but considering 30 and 60 minute averages for the load and PV generation profiles. For simplicity, the comparison is presented for the same example feeder (feeder 4, LV Network 1).
The average results from the Monte Carlo Analysis are presented in Fig. 8 and Fig. 9 . The granularity effect is not relevant in the utilization level index, mainly because this index integrates the results in one hour. However, the effect on the calculation of voltage issues is significant due to the EN50160 requirement of 10 min averages. Indeed, the consideration of one hour daily profiles underestimates considerably the impacts from PV. For example, around 15% of customers would have a voltage problem at 70% PV penetration when considering 5 min resolution (base case). This figure goes down to about 4% when 60 min resolution is considered.
This particular analysis highlights the importance of carrying out detailed load and generation models that can actually cater for the standards used in the region of interest (in this case the EN50160). This work presented a Monte Carlo-based assessment of impact from small-scale PV generation on two real threephase four-wire LV networks for the North West of England. Simulations considered a 5 minute resolution for load and generation profiles and were aimed at estimating the probability of voltage rise (according to the European Standard EN50160) as well as network utilization for different PV penetration levels (based on number of customers).
The results for the nine feeders studied show that for longer or heavily loaded feeders, voltage problems can start in average at 40% of PV penetration. Small feeders, in terms of number customers (less than 35) and length (less than 1 km), did not show issues for any penetration level analyzed.
The effect of data granularity on the impact assessment was also shown. It was demonstrated that hourly and half hourly approaches can significantly underestimate voltage problems that might appear due to the installation of PV panels.
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